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Introduction

A NORMAL or radial acceleration field can produce sig-
nificant combustion rate augmentation in statically fired,

spinning solid-propellant rocket motors (SRMs). The level of
normal acceleration afr is dependent on motor spin rate CD and
the surface-to-centerline distance r. Forward longitudinal ac-
celeration in flight tends to counteract this increase in burning.
In addition, noncylindrical grain cross sections (star, wagon-
wheel, etc.) introduce appreciable lateral acceleration compo-
nents relative to the local propellant surface, producing a sim-
ilar reduction in peak acceleration effects. However, late into
motor firings, where spin rate and radial distance may be ap-
proaching maximum levels, and the initial star or wagon-wheel
grain shape in many cases are approaching a circular cross
section, one may again encounter significant burning rate aug-
mentation with normal acceleration.

Greatrix1 has recently developed a phenomenological model
for predicting normal, longitudinal, and lateral acceleration ef-
fects on solid-propellant combustion, and demonstrated some
results for cylindrical-grain motors undergoing spinning and
longitudinal acceleration with forward flight. In the present
study, an evaluation of noncylindrical grain designs is under-
taken, whereby lateral acceleration components with a varying
peripheral contour may be included in the internal ballistics
analysis. Simulated pressure-time histories for star-grain SRMs
are presented to illustrate the effectiveness of the current mod-
eling approach.

Model
The underlying concept of the phenomenological combus-

tion model1 is that the compression of the combustion zone,
especially in the high-density, low-velocity region approaching
the condensed-phase decomposition layer, is the dominant
mechanism for burning rate augmentation under normal ac-
celeration an. Compression relief with longitudinal or lateral
sliding of evolving reactive fluid pockets or particles is rep-
resented by a displacement effect associated with the longitu-
dinal or lateral acceleration component ah whereby one defines
the acceleration vector orientation angle <j> [i.e., tan'1 (a/70,,)],
with respect to the local propellant surface. The burning-rate

model of Ref. 1 may be summarized as follows with the prin-
cipal equation for overall burning rate rb:
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where the heat flux coefficient j8 correlates the enthalpy in-
crease above (to flame temperature 7}) and below the burning
propellant surface, and 80 is the reference energy film thickness
for the combustion zone at a base burning rate r0. The com-
pressive effect of normal acceleration (coupled with pressure
p) and the dissipative effect of longitudinal or lateral acceler-
ation is stipulated through the accelerative mass flux Ga:

anp S0 r0
—— "zvr ~~rb RTfrb

(2)

where <f>d is the displacement or augmented orientation angle.1
Note that an is assumed negative in value when directed into
the propellant surface. Other combustion product properties
such as gas thermal conductivity £, gas specific heat Cpt and
specific gas constant R are given mean values representative
of the combustion zone.

In considering a star-grain design, one has the complication
of a varying burning rate with combined normal and lateral
acceleration (and possibly longitudinal) in moving around the
periphery at a given axial station. The inclination of the local
propellant surface relative to the total acceleration vector will
determine the local surface regression rate. One straightfor-
ward way of computing the local burning rate at a given time
into a motor firing, and estimating the subsequent regression
over a short time increment Af, is to segment the core periph-
ery section into a number of small linear elements (a similar
approach may be found in Ref. 2). One need only consider a
portion of a core periphery cross section because of symmetry
with respect to the acceleration vector (e.g., a one-twelfth pie
section for a six-pointed star).

With respect to the overall internal ballistics model, the
equations of motion describing the quasisteady internal core-
flow must be solved in conjunction with the pressure-depen-
dent, coreflow-dependent, and acceleration-dependent compo-
nents of the overall pyrolysis rate.3 Given that the various
burning-rate components are intrinsically coupled, an iterative
solution procedure is generally required. The mean burning
rate at a given axial position may be evaluated by summing
the various burning rates around the periphery. To attain some
level of accuracy, it is clear that a large number of elements
must be selected at each core periphery location, in addition
to setting an adequate number of axial segment positions along
the motor grain. This is the computation penalty incurred in
going from a cylindrical to a noncylindrical configuration.

Model Predictions and Discussion
Several SRMs of differing design were evaluated using the

internal ballistic model described previously. Table 1 provides
a list of the various motor test characteristics for two examples
(A and B). Motor A has characteristics corresponding to the
ALCOR IA motor as reported by Lucy.4 The grain has a six-
pointed star configuration, and propellant characteristics of an
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Table 1 Motor test characteristics

Motor
Lp, grain length, m
df, inner casing diameter, cm
dtt nozzle throat diameter, cm
n, burn rate exponent
C, burn rate coefficient, cm/s/kPa"
psy propellant density, kg/m3

C,, propellant specific heat, J/kg-K
Tf.K
Ts, propellant surface temperature, K
Th initial propellant temperature, K
Cpy J/kg-K
#, J/kg-K
k, W/m-K

A
1.35

51.1
10.0
0.4
0.03

1750.0
1500.0
2500.0
900.0
294.0

1900.0
378.0

0.17

B

2.25
34.0
5.5
0.0
0.3

1700.0
1350.0
2400.0
665.0
294.0

1975.0
396.0

0.17
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Fig. 1 Predicted pressure-time histories for static firing of motor
A, with comparison to firing data of Ref. 4.

Fig. 2 Section grain profiles for motor A, static firing, a) without
and b) with spinning, midlength axial station.

ammonium perchlorate/carboxyl-terminated polybutadiene
(AP/CTPB) variant are assumed. Two predicted cases are il-
lustrated in Fig. 1, with the corresponding firing data of Ref.
4, for the pressure-time history of the motor (static without
spin and statically fired at a spin rate of 8 rps). The predicted
results for both cases are qualitatively consistent with the ref-
erence data. Quantitatively, the base profile and the spin aug-
mentation effect appears to be overpredicted somewhat, but
because of a lack of available information, an exact correlation

of all test characteristics was not attempted in setting up the
simulation.

The grain cross-sectional profile at a midlength station is
provided as a function of time in Figs. 2a and 2b (nonspinning
periphery profile every 3 s and static spinning periphery profile
every 3 s, respectively). For Fig. 2a, a series of clean profiles
are produced with uniform burning around the periphery at a
given time step. For Fig. 2b, the profiles are less clean with
nonuniform burning, producing dips and rises with alternating
strong and weak an effects coming into play, depending on the
local surface inclination relative to the local acceleration vector
orientation.

Motor B has characteristics corresponding to the NOTS 551-
B motor as reported by Lucy.4 The grain has a six-pointed star
configuration and utilizes an aluminized ammonium perchlo-
rate/polyurethane (AP/PU) composite propellant. Plateau-burn-
ing characteristics are assumed with this propellant (i.e., pres-
sure-based burn-rate exponent n « 0), which has a high
sensitivity to normal acceleration as is evidenced by the vari-
able (3-6 rps over the course of the firing) static spinning
motor curves of Fig. 3 in relation to the reference nonspinning
case. The grain cross-sectional profile at a midlength station is
provided as a function of time in Figs. 4a and 4b (nonspinning
periphery profile every 4 s and static spinning periphery profile
every 4 s, respectively). As before, Fig. 4a produces a series
of clean profiles. For Fig. 4b, the profiles are considerably less
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Fig. 3 Predicted pressure-time histories for static and in-flight
firing of motor B, with comparison to firing data of Ref. 4.

Fig. 4 Section grain profiles for motor B, static firing, a) without
and b) with spinning, midlength axial station.
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clean with nonuniform burning, with some pronounced dips
and rises.

Overall, there is a good qualitative correlation between the
predicted augmented pressure curve and the static firing data
of Ref. 4. Because of nozzle throat erosion later in the ex-
perimental firing, the predicted peak pressure is somewhat
higher than expected (no throat erosion modeled). Similarly,
for the flight case with increasing forward acceleration and
spin as the firing proceeds, the predicted pressure peaks some-
what higher than expected relative to the reported data of Ref.
4. Only later into the flight does the normal acceleration of the
motor rotation begin to dominate the lateral and longitudinal
acceleration components in affecting the combustion process.
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Nomenclature
Ab = propellant burn surface area
a = burning rate coefficient
a' = burning rate coefficient at reference pressure and

temperature
c* = propellant characteristic exhaust velocity
K = burn area over throat area
rhf = mass flow rate of fuel
NMAX = maximum allowable pressure sensitivity
n - pressure exponent
P = chamber pressure
P' = chamber pressure over reference pressure
r = propellant burn rate
Tt = initial propellant temperature
a = temperature sensitivity coefficient
a' = temperature sensitivity coefficient at reference

pressure
PP = propellant density
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Subscripts
r = reference conditions
s = standard conditions
1 = maximum limit
2 = minimum limit

Introduction

W HEN formulating gas generator propellants, the de-
signer must achieve a specified mass flow schedule.

One approach is to use propellants with large pressure sensi-
tivity and a variable-area nozzle. This promotes substantial
variations in mass flow while maintaining a reasonable pres-
sure range. The propellant temperature sensitivity and com-
bustion efficiency are additional factors that influence the de-
sign. The objective of this work is to calculate a propellant
solution space that fulfills the design requirements for a vari-
able-flow gas generator. The scope includes 1) developing a
design methodology that incorporates mass flow rate, pressure,
and temperature requirements; 2) deriving design equations for
propellants with temperature-dependent pressure exponents;
and 3) calculating regions of compliant propellant ballistics for
an example ducted rocket application.

Approach
Gas Generator Constraints

The gas generator design is assumed to be bounded by mass
flow rate, propellant temperature, and chamber pressure re-
quirements. The mass flow rate range of a ducted rocket motor
can be determined from anticipated altitude, flight Mach num-
ber, and operational oxidizer-to-fuel ratio considerations: rhn
< rhf ̂  m/2. The gas generator must deliver this entire range.
The operating environment dictates a range of initial propellant
temperatures: Titl ^ T ̂  Tia. The maximum chamber pressure
is defined by structural/weight considerations of the missile.
The minimum pressure could be guided by either the choked-
flow or propellant extinguishment: />! < P < P2. It is not
required that this pressure range be spanned, but the pressure
limits must not be violated.

For steady-state operation, the propellant burning rate range
is derived from extreme values of the required mass flow rate
and the propellant burn surface area by

7*2 = (D

(2)

A stable equilibrium chamber pressure also requires the pres-
sure exponent must be less than one.

Figure 1 shows how these burn rate, pressure, and pressure-
exponent limits form a parallelogram-shaped region (A-B-
C-D) of compliant burn rate/pressure combinations. Initial
temperature effects are illustrated by two propellant burn rate
curves. The maximum temperature curve intersects point A,
while the minimum temperature curve intersects point C. Ex-
pressing these design criteria mathematically, we have

r(Pl9 T2) and r(P2, (3)

and n < 1.

Mathematical Derivations
Propellant burning rate is assumed as a function of pressure

and temperature with

r = as exp[o(r, - (4)

Small variations in /3 will result in large changes in burning
rate at operational pressures. Normalizing with a reference
pressure Pr, at which the contribution of the /3 term is zero,
yields,

r = a's (5)


